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0254-0584/© 2017 Elsevier B.V. All rights reserved.g r a p h i c a l a b s t r a c t Different compositions of Mn-Zn
ferrites transform into different
crystalline phases under g-
irradiation.
MnFe2O4 transforms to Mn2O3 phase,
intermediate Mn-Zn compositions
form a-Fe2O3 and ZnFe2O4 phases.
 ZnFe2O4 phase is very stable and re-
tains its structure even after 50 kGy
high energy g-irradiation.
 A dosage of 50 kGy is sufﬁcient to
progress atomic diffusion in nano-
crystalline Mn-Zn ferrites.
Mn atoms in Mn-Zn ferrites show
metastability under g-irradiation.a r t i c l e i n f o
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We report the high energy g-irradiation induced structural transformations in nanocrystalline Mn1-
xZnxFe2O4 (x ¼ 0, 0.25, 0.5, 0.75 and 1) samples synthesized by solution combustion method using a
mixture of fuels. All samples were exposed to a gamma radiation dose of 50 kGy. The g-irradiation
decomposes the single phase cubic spinel (Fd-3m) structure of the samples into new stable phases. The
pure MnFe2O4 sample transformed to Mn2O3 and Fe1-xO phases whereas the pure ZnFe2O4 sample
retained its phase. For the samples with intermediate Zn-content g-irradiation facilitates the formation
of stable a-Fe2O3 and ZnFe2O4 phases, along with amorphous MnO phase. The scanning electron mi-
crographs demonstrate the complete change of the sample morphology with fusion of the particles after
g-irradiation. Our results are important for the understanding of the stability and performance of the
devices used in various technological applications near intense high energy radiation sources.
© 2017 Elsevier B.V. All rights reserved.o).
l of Engineering, Presidency1. Introduction
The Mn-Zn ferrites possess high electrical resistivity, high
saturation magnetization, low coercivity and high permeability
[1e5], hence, they are potentially attractive for technological
Fig. 1. Rietveld reﬁned XRD patterns of the pristine Mn1-xZnxFe2O4 (x ¼ 0 (a), 0.25 (b),
0.5 (c), 0.75 (d) and 1.0 (e)) samples. In (e), the indexed Bragg positions correspond to
the cubic spinel phase.
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ferrites are magnetic oxides with semiconducting nature. The
following application of Mn-Zn ferrites can be mentioned: as
transformer cores, electromagnet cores, antenna rods, high density
magnetic recording media, transducers, actuators and in micro-
wave and computer technologies etc. [6e8]. TheMn1-xZnxFe2O4 is a
model system among the cubic spinel ferrites [9e13]. It is well
known that in Mn-Zn ferrites, all Zn2þ ions occupy the tetrahedral
(A-) sites and, Mn2þ and Fe3þ ions are distributed in rest of the
tetrahedral (A-) and octahedral (B-) sites [13]. A variety of intrinsic
lattice defects are possible in spinel structure, i.e., vacancies at both
tetrahedral and octahedral cation sites as well as at oxygen sites,
and defects due to the interchange of divalent and trivalent ions in
their respective sites etc. Hence, the compounds exhibit a host of
favorable dielectric and magnetic properties [9e13], and are
potentially attractive for many industrial applications.
Recently, many experiments were performed using swift heavy
ions [14], laser beams [15] and gamma rays [16] for studying the
effects of irradiation on the structure and properties of ferrite
materials [17e19]. Gamma-irradiation can be effectively used to
enhance crystallographic defects in ferrites and tune their (soft and
hard magnetic) properties in a controllable way [17,20e25]. The
effects of g-radiation on the structure, electrical and magnetic
properties of CoeZn ferrites [26], Co0.6Zn0.4MnxFe2-xO4 [27], NieZn
ferrites [17,28,29] and CoFe2O4 [30] materials were reported
recently. Hence, a lot of scientiﬁc attention is given towards the g-
irradiation induced defect creation and modiﬁcation in structural
and magnetic properties of ferrites. The effect of very low g-irra-
diation dosage (5, 100 and 200 Gy) on the properties of Mn-Zn
ferrites powder was reported recently [31,32]. However, the effect
of high dose (>200 Gy) gamma irradiation induced phase trans-
formations in Mn-Zn nanoferrites are not investigated. The present
work is aimed at the detailed investigation on the effect of high
dose (~50 kGy) of g-irradiation (dose rate: 9.5 kGy/h) on the
structural, microstructural and M€ossbauer parameters of Mn1-
xZnxFe2O4 (x ¼ 0, 0.25, 0.5, 0.75 and 1) nano-ferrites synthesized
by solution combustion method.
2. Experimental details
Nanocrystalline Mn1-xZnxFe2O4 (x ¼ 0.00, 0.25, 0.50, 0.75 and
1.00) samples were synthesized by solution combustion method
using a mixture of fuels. The details about the synthesis of the Mn-
Zn ferrite ceramic powder samples are described elsewhere [13,33].
The products were ground using agate mortar and pestle to obtain
the ﬁne powder for characterization. The samples (pellets) for
gamma irradiation experiments were prepared by pressing the
powders at a pressure of 5 ton/cm2. The size of the pellets was
10 mm (diameter)  2 mm (thickness). The obtained MnxZn1-
xFe2O4 pellets were placed inside the gamma radiation cell near
the 60Co-radiation source (dose rate ~ 9.5 kGy/h) and irradiated at
RT for 5.3 h (total gamma dose was 50 kGy, (1 Gy ¼ 1 J/kg)). The
sample codes Z1, Z2, Z3, Z4 and Z5were used for the as-synthesized
samples with x ¼ 0.00, 0.25, 0.50, 0.75 and 1.00, respectively.
Similarly, the sample codes IZ1, IZ2, IZ3, IZ4 and IZ5, were used for
the respective samples after 50 kGy dose of g-irradiation.
The structural and morphological characterization of all the
pristine and gamma-irradiated Mn1-xZnxFe2O4 (x ¼ 0.0.0, 0.25, 0.5,
0.75 and 1.0) samples were performed at RT by X-ray diffraction
(XRD), 57Fe-M€ossbauer spectroscopy, Fourier Transform Infrared
(FTIR) spectroscopy and scanning electron microscopy (SEM). The
XRD patterns were recorded (Cu-Ka radiation (l¼ 1.54 Å), 2q range:
20e80, step size: 0.02) by a “PANAnalytical” X-ray diffractometer.
The XRD patterns of the as-synthesized samples and the samples
after 50 kGy g-irradiation are shown in Figs. 1 and 2, respectively.
Fig. 2. The Rietveld reﬁned XRD patterns of Mn1-xZnxFe2O4 (x ¼ 0 (a), 0.25 (b), 0.5 (c),
0.75 (d) and 1.0 (e)) samples after gamma irradiation. In (a), (b) and (e), the indexed
Bragg positions correspond to the cubic Mn2O3, rhombohedral a-Fe2O3 and cubic
spinel structures, respectively.
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cation distribution over the tetrahedral (A-) and the octahedral (B-)
sites and the crystallite sizes were obtained by Rietveld reﬁnement
using “FullProf” software [34] results of the XRD patterns. We have
used Williamson-Hall (W-H) method [35] for determining the
average crystallite sizes of the as-synthesized nano-powders. All
the obtained structural parameters for the as-synthesized samples
and the samples after gamma-irradiation are given in Tables 1 and
2, respectively.
The M€ossbauer spectroscopy was performed at room tempera-
ture (RT) in transmission geometry using a 57Co (Rh-matrix) source
(~10 mCi activity) and a gas (krypton) ﬁlled proportional counter.
The M€ossbauer spectra of the as-synthesized samples and the
samples after 50 kGy dose of gamma-irradiation are shown in
Figs. 3 and 4, respectively. The obtained M€ossbauer spectra were
least square ﬁt using the “NORMOS” program [36,37]. The hyper-
ﬁne ﬁeld distribution proﬁles P(Bhf) are plotted to the right of each
M€ossbauer spectrum. All the obtained hyperﬁne parameters (i.e.,
isomer shift (IS), quadrupole splitting (QS) or nuclear quadrupole
level-shift (2ε), magnetic hyperﬁne ﬁeld (Bhf) and M€ossbauer
spectral area) are listed in Tables 3 and 4 for the as-synthesized
samples and the samples after 50 kGy dose of g-irradiation,
respectively. The IS values are given relative to the 57Co- (Rh-ma-
trix) source, which produces an IS of 0.106 mm/s in a-Fe foil at RT.
As the bond length and force constant between atoms, and the
reducedmass of the atoms or molecules present in thematerial can
be reﬂected as a variation in the position and intensity of the
infrared absorption bands in FTIR spectrum [38], we have per-
formed FTIR spectroscopy in order to support our results obtained
by XRD and M€ossbauer spectroscopy. The FTIR spectra of the as-
synthesized samples and the samples after g-irradiation are
shown in Figs. 5 and 6, respectively. The FTIR spectra for both non-
irradiated (as-synthesized) and irradiated samples were recorded
in awidewave number range of 300e4000 cm1 using an “Agilent”
FTIR spectrometer.
The morphology of the pristine and the gamma-irradiated
samples were characterized by scanning electron microscopy
(SEM). The typical SEM images are shown in Fig. 7.
3. Results and discussion
The XRD patterns (Fig. 1) of the pristine samples show the
presence of pure cubic spinel phase and the peaks are indexed
accordingly. From the Rietveld reﬁnement, we have observed an
increase in the value of the cell parameter with increase in Zn
concentration, i.e., the variation of cell parameter follows Vegard’s
law. In all the samples, the Zn2þ ions preferentially occupy the
tetrahedral site, whereas Mn2þ ions distribute themselves in the
tetrahedral (A-) and octahedral (B-) sites (Table 1). The rest of the
available A and B sites are occupied by Fe3þ ions. Speciﬁcally, in
pure MnFe2O4 (sample Z1) the Mn atoms and Fe atoms are
distributed in A and B sites, while in pure ZnFe2O4 (sample Z5),
about 95% of the available A-sites are occupied by Zn atoms, i.e.,
about 5% of the Zn atoms are at the B- site. In samples containing
both Zn and Mn, all Zn atoms are at the A sites while the Mn atoms
are distributed in A and B sites. The crystallite size (Table 1)
calculated by Williamson-Hall method shows that the samples
contain crystallites of average size varying between ~ 14 and 32 nm.
Among these, the crystallite size of ZnFe2O4 (sample Z5) is much
bigger than that of the other samples.
After gamma-irradiation, the XRD pattern of the pure MnFe2O4
sample (IZ1) shows the prominent peaks corresponding to Mn2O3
phase (Fig. 2(a)) [39]. In samples IZ2, IZ3 and IZ4, a-Fe2O3 phase
[40] has been observed along with the cubic spinel ZnFe2O4 phase.
This phase transformation in IZ3 sample and its mechanism were
Table 1
The structural parameters (cation occupancy at A- and at B- sites, lattice constant ‘a’, and X-ray density ‘r’) obtained by Rietveld reﬁnement of the XRD patterns of the pristine
Mn1-xZnxFe2O4 (x ¼ 0 (Z1), 0.25 (Z2), 0.5 (Z3), 0.75 (Z4) and 1.0 (Z5)) samples. The occupancy given inside the bracket is in percentage for a particular site. L represents the
crystallite size.
Sample (x) Cation occupancy (in fraction and in %) a (Å) r (g/cc) L (nm)/Strain
(x103)
Mn2þ Zn2þ Fe3þ
A B A B A B
Z1 (0.00) 0.0139 (33) 0.0278 (67) 0 (0) 0 (0) 0.0297 (35.7) 0.0536 (65.3) 8.4061 4.936 14/0.8
Z2 (0.25) 0.3120 (99.8) 0.0005 (0.2) 0.0104 (100) 0 (0) 0.0020 (2.3) 0.0814 (97.7) 8.4078 5.214 18/1.03
Z3 (0.50) 0.0168 (80.5) 0.0041 (19.5) 0.0208 (100) 0 (0) 0.0010 (0.4) 0.0830 (99.6) 8.4104 5.267 19/0.96
Z4 (0.75) 0.0087 (83.5) 0.0017 (16.5) 0.3125 (100) 0 (0) 0.0008 (0.9) 0.0826 (99.1) 8.4302 5.288 32/2.0
Z5 (1.0) 0 (0) 0 (0) 0.0380 (94.2) 0.0024 (5.8) 0.0033 (4.3) 0.0797 (95.7) 8.4368 5.319 32/1.3
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Fe2O3 phase was found to decrease with increasing Zn-content in
IZ1-IZ4 samples (Fig. 2, Table 2), whereas the amount of ZnFe2O4
phase was observed to increase in the respective order. The XRD
peaks of the g-irradiated pure ZnFe2O4 sample (IZ5) were sharper
in comparison to the non-irradiated sample (Z5). This is caused due
to the energy provided by the gamma radiation for the diffusion of
the atoms to rearrange themselves (stress relaxation) perfectly
among the available sites of the spinel lattice. Hence, complete
structural damage has been observed in all the samples except for
the pure ZnFe2O4 sample (sample Z5), where the cubic spinel (Fd-
3m) structure is retained.
The crystallite sizes (Table 2, calculated using W-H method) are
larger for the new phases formed after g-irradiation than the
crystallites in the as-prepared samples (Table 1), except for IZ2 and
IZ3 samples. Furthermore, the lattice strain in the samples de-
creases after g-irradiation, except for IZ2 and IZ3 samples where
the lattice strain is higher and the crystallite sizes are lower. This
discrepancy could be due to the fact that the heat deposited in the
sample, due to g-irradiation, is not sufﬁcient to separate the Mn
atoms completely away from the Zn ferrite unit cells after phase
transformation. This results in ametastable statewith higher strain,
leading to low particle size. It can be considered here that Mn-Zn
ferrite consists of Mn-ferrite type and Zn-ferrite type sub-unit-
cells, where the Mn-ferrite type sub-unit cells are less stable under
g-irradiation than Zn-ferrite type sub-unit cells [41]. For high Zn
containing samples, the higher number and higher stability of the
Zn-ferrite-type sub-unit-cells are responsible for the growth of the
stable crystallites with low strain. Hence, the sharp XRD peaks of
the (IZ1, IZ4, IZ5) samples (after 50 kGy of g-irradiation) suggest
that the deposited energy (g-irradiation) is not only sufﬁcient for
phase transformation in Mn-Zn ferrite samples but also imperative
for grain growth and stress relaxation of the new phases.
TheM€ossbauer spectra of the as-synthesized samples are shown
in Fig. 3. The spectra were ﬁt using a central crystalline doublet and
a distribution of magnetic hyperﬁne ﬁelds. The corresponding hy-
perﬁne ﬁeld distribution (P(Bhf)) is shown at the right hand side ofTable 2
The structural parameters obtained by Rietveld reﬁnement of the XRD patterns of the gam
samples.
Sample name Crystalline Phases Phase content (wt) (±1%)
IZ1 Mn2O3 (Ia-3) 100
IZ2 a-Fe2O3 (R-3cH) 81.8
ZnFe2O4 (Fd-3mZ) 18.2
IZ3 a-Fe2O3 (R-3cH) 44.3
ZnFe2O4 (Fd-3mZ) 55.7
IZ4 a-Fe2O3 (R-3cH) 27.8
ZnFe2O4 (Fd-3mZ) 72.2
IZ5 ZnFe2O4 (Fd-3mZ) 100each spectrum. The M€ossbauer results are in trend with that of the
earlier published results [5]. The M€ossbauer spectrum of the pure
MnFe2O4 sample (Z1) exhibits a sextet with broad lines and a
central doublet. As observed from the Rietveld reﬁnement results
(Table 1), Mn2þ ions are randomly distributed at the A and B sites,
making a random arrangement for the Fe3þ ions too. This is the
reason for the broad lines observed in the M€ossbauer spectrum.
For the Zn doped samples (from Z2 to Z5), the wide cation
distribution could induce the presence of small regions with Zn-
ferrite like, Mn-ferrite-like and Mn-Zn ferrite-like local cation ar-
rangements, which give rise to the observed complex M€ossbauer
spectrum for these samples (Fig. 2). Furthermore, as the Zn2þ ions
are doped in Mn-ferrite, the non-magnetic nature of the Zn2þ ions
reduces the strength of super-exchange interaction between the A
and B sites, hence, the magnetic ordering decreases. The decreasing
magnetic ordering of the Fe3þ ions results in the decrease of the
sextet contribution to the M€ossbauer spectrum and the decrease of
the average magnetic hyperﬁne ﬁeld (<Bhf>). Hence, as more and
more Zn2þ ions are added, the decrease in hyperﬁne ﬁeld of the
sextet and increase in the doublet contributions are observed (Fig. 2
and Table 3). However, for pure ZnFe2O4 sample (Z5) with Zn2þ ions
completely occupying the A sites, the M€ossbauer spectrum should
be a sharp doublet only, because Zn2þ ions are non-magnetic and
there are no magnetic A-B super-exchange interactions possible.
However, the observed broad sextet with very small hyperﬁne ﬁeld
can be due to the presence of about 5% of Zn atoms at the B site as
observed by XRD, i.e., about 5% of this interstitial A sites are occu-
pied by Fe atoms. This brings in magnetic super-exchange in-
teractions between A and B sites, and hence, the observed broad
magnetic hyperﬁne ﬁeld distribution in Fig. 3 (e).
The M€ossbauer spectra of the samples after gamma-irradiation
(Fig. 4) are very different from that of the pristine samples. The
M€ossbauer spectrum of theMnFe2O4 sample (IZ1) (Fig. 4 (a)) shows
a prominent doublet and a weak sextet with a magnetic hyperﬁne
ﬁeld (Bhf) of 51 T. The hyperﬁne ﬁeld of 51 T for this sextet matches
with that of the a-Fe2O3 phase [42e44]. In addition, the XRD results
show the presence of a-Fe2O3 phase in IZ1 sample. Hence, we havema irradiatedMn1-xZnxFe2O4 (x¼ 0 (IZ1), 0.25 (IZ2), 0.5 (IZ3), 0.75 (IZ4) and 1.0 (IZ5))
Cell parameters (Å) Crystallite size (nm)/Strain (x103)
a ¼ 9.4113 40/0.43
a ¼ 5.0313, c ¼ 13.7407 16/1.1
a ¼ 8.4524 10/1.6
a ¼ 5.0354, c ¼ 13.7363 17/1.2
a ¼ 8.4431 15/1.1
a ¼ 5.0383, c ¼ 13.7584 35/0.96
a ¼ 8.4450 39/0.42
a ¼ 8.4397 41/0.68
Table 3
M€ossbauer spectral parameters obtained after the least square ﬁtting of the
M€ossbauer spectra of as prepared Mn1-xZnxFe2O4 samples. Average values of isomer
shift (<IS>), quadrupole splitting (QS), average magnetic hyperﬁne ﬁeld (<Bhf>) and
relative spectral area are listed. The QS for the sextet is the nuclear quadrupole level
shift (2ε). Sub-spectra designated by S and D abbreviate for sextet distributions and
doublet, respectively. The values of IS are given with respect to the 57Co-source (Rh-
matrix).
Sample Sub-
spectrum
<IS> (mm/s)
(±0.005)
QS (mm/s)
(±0.01)
<Bhf> (T)
(±0.5 T)
Spectral
area (%) (±2)
Z1 S1 0.210 0.01 31.35 86
D1 0.237 0.76 14
Z2 S2 0.220 0.001 29.2 70
D2 0.233 0.69 30
Z3 S3 0.210 0.005 22.1 73
D3 0.240 0.450 27
Z4 S4 0.237 0.012 14.47 54
D4 0.238 0.445 46
Z5 S5 0.253 0.029 16.81 38
D5 0.240 0.400 62
Fig. 4. The M€ossbauer spectra of the gamma irradiation Mn1-xZnxFe2O4 (where, x ¼ (a)
0.0, (b) 0.25, (c) 0.50, (d) 0.75 and (e) 1.0) samples. The hyperﬁne ﬁeld distribution
P(Bhf) proﬁles are shown to the right side of corresponding spectrum.
Fig. 3. M€ossbauer spectra of the pristine Mn1-xZnxFe2O4 (where, (a) x ¼ 0.0, (b) 0.25,
(c) 0.50, (d) 0.75 and (e) 1.0) samples. The hyperﬁne ﬁeld distribution P(Bhf) proﬁles are
shown to the right side of corresponding spectrum.
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central doublet with large quadrupole splitting (~0.95 mm/s) is
observed for IZ1. This large value of quadrupole splitting corre-
sponds to Fe2þ state. The origin of the Fe2þ ions may be due to the
formation of Mn2O3 phase, which leaves behind weakly ordered
FeO phase with Fe atoms having 2þ oxidation state (Fe2þ) (see the
equation below for sample Z1).
The M€ossbauer spectrum of the IZ2 sample (Fig. 4 (b)) shows a
broad sextet with Bhf¼ 51 T and a doublet. Presence of ZnFe2O4 and
a-Fe2O3 phases in this sample facilitates the assignment of the
sextet to the a-Fe2O3 phase and the doublet to the ZnFe2O4 phase.
Similarly, the sextets in IZ3 (and IZ4) are assigned to the a-Fe2O3
phase and the doublet to the ZnFe2O4 phase [11]. The observation of
the a-Fe2O3 component decrease and ZnFe2O4 component increase
in the XRD results was conﬁrmed by the M€ossbauer results
(Tables 2 and 4). The amount of a-Fe2O3 and ZnFe2O4 phases pre-
sent in the samples as observed by XRD (Table 2) is in good
agreement with that obtained from theM€ossbauer results (Table 4).
For pure ZnFe2O4 sample (IZ5) the sextet distribution disappears
and the central doublet corresponding to ZnFe2O4 phase (Fig. 4(e))
becomes strong. In addition, a sharp single line appears whichcould be due to the fast relaxing paramagnetic-like regions in the
sample. The quadrupole splitting value for the central doublet seen
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Fig. 5. FTIR spectra of Mn1-xZnxFe2O4 (x ¼ 0 (a), 0.25 (b), 0.5 (c), 0.75 (d) and 1.0 (e)) samples before gamma irradiation. The spectra are shifted vertically for clarity.
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Fig. 6. FTIR spectra of Mn1-xZnxFe2O4 (x ¼ 0 (a), 0.25 (b), 0.5 (c), 0.75 (d) and 1.0 (e)) samples after gamma irradiation. The spectra are shifted vertically for clarity.
V.J. Angadi et al. / Materials Chemistry and Physics 199 (2017) 313e321318for sample IZ2 is a bit lower than that for the IZ1 sample and, hence,
the presence of small amount of Fe2þ ions in the sample cannot be
ruled out. For all other samples (IZ3 to IZ5) the quadrupole splittingof the central doublet is ~ 0.4 mm/s (Table 4), which indicates the
oxidation state Fe3þ.
The equations below summarize the phase transformations
Fig. 7. The SEM images of the Mn1-xZnxFe2O4 (x ¼ 0 (Z1, IZ1), 0.25 (Z2, IZ2), 0.5 (Z3,
IZ3), 0.75 (Z4, IZ4) and 1.0 (Z5, IZ5)) samples before (left column) and after (right
column) g-irradiation.
Table 4
M€ossbauer spectral parameters obtained after the least square ﬁtting of the M€ossbauer sp
quadrupole splitting (QS), average magnetic hyperﬁne ﬁeld (<Bhf>) and relative spectral
spectra designated by S and D abbreviate for sextet distributions and doublet, respective
Sample Sub-spectrum <IS> (mm/s) (±0.005) QS
IZ1 S1 0.302 0
D1 0.262 0.9
IZ2 S2 0.263 0
D2 0.246 0.6
IZ3 S3 0.253 0
D3 0.241 0.4
IZ4 S4 0.262 0
D4 0.242 0.3
IZ5 S5 0.238 0
D5 0.234 0.3
V.J. Angadi et al. / Materials Chemistry and Physics 199 (2017) 313e321 319occurring in the Mn-Zn ferrite samples upon 50 kGy of g-irradia-
tion. Except for IZ1, we have not observed any manganese oxide
phase either by XRD or by M€ossbauer spectroscopy. Hence, we
assume that the MnO phase in the IZ2 to IZ4 samples, according to
the respective equations, is amorphous in nature. This assumption
is necessary in order to account for the observed phases, according
to the stoichiometry.
sample Z1 : 2MnFe2O4 !
girradiation
Mn2O3 þ 5Fe0:8O
sample Z2 :Mn0:75Zn0:25Fe2O4 !
girradiationðaFe2O3Þ0:75
þ ðZnFe2O4Þ0:25 þ ðMnOÞ0:75
sample Z3 :Mn0:5Zn0:5Fe2O4 !
girradiationðaFe2O3Þ0:5
þ ðZnFe2O4Þ0:5 þ ðMnOÞ0:5
sample Z4 :Mn0:25Zn0:75Fe2O4 !
girradiationðaFe2O3Þ0:25
þ ðZnFe2O4Þ0:75 þ ðMnOÞ0:25
sample Z5 : ZnFe2O4 !
girradiation
ZnFe2O4
The FTIR spectra of the pristine samples (Fig. 5) show the
presence of the two typical absorption bands corresponding to the
vibrations of the tetrahedral complexes (n1) and the octahedral
complexes (n2) [45]. As the Zn concentration in the samples in-
creases, there is a slight blue-shift in the absorption band position
corresponding to the tetrahedral complexes. This is due to the
preferential occupation of Zn at the A- site. After irradiation, for the
MnFe2O4 sample, the bands broaden and become indistinguishable.
This is because the spinel structure gets completely damaged and
Mn2O3, Fe1-xO phases emerge. For the samples with increasing Zn
content, the two band structures start to reappear due to the
ZnFe2O4 spinel phase in the samples (IZ2 to IZ4). The two-band like
structure in the FTIR spectrum becomes prominent for the pure
ZnFe2O4 sample (IZ5), suggesting its higher stability even after
50 kGy of g-irradiation.
The SEM images of the combustion products (Fig. 7) show the
foamy network structure of the samples. The observed porous
structure could be due to the evolution of gases during the com-
bustion process. After the g-irradiation, the pellets show blurry
regions due to the diffusion of the material under intense local
heating. This suggests that the local heat produced in the material
upon 50 kGy g-irradiation is sufﬁcient for the diffusion of the
atoms. This provides direct evidence of the structural andectra of the irradiated Mn1-xZnxFe2O4 samples. Average values of isomer shift (<IS>),
area are listed. The QS for the sextet is the nuclear quadrupole level shift (2ε). Sub-
ly. The values of IS are given with respect to the 57Co-source (Rh-matrix).
(mm/s) (±0.01) <Bhf> (T) (±0.5 T) Spectral area (%) (±2)
.24 51.12 10
5 90
.22 50.74 79
1 21
.23 50.99 60
4 40
.23 51.43 41
5 59
.17 1.23 06
6 94
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The observed phase transformations were quite prominent due to
the high g-radiation dose rate (9.5 kGy/h) we have used for our
study in comparison to the earlier reports [31,32]. The high dose
rate is important to produce high local heat which cannot be con-
ducted very fast unlike in the case of low dose rates.
4. Conclusions
We have synthesized and characterized the phase pure Mn1-
xZnxFe2O4 samples by solution combustion method. All the sam-
ples were subjected to high energy g-radiation of ~50 kGy at a rate
of 9.5 kGy/h. Our results conﬁrmed that a dosage of 50 kGy is high
enough to break the chemical bonds and to produce atomic diffu-
sion in the nanocrystalline materials. Complete structural and
morphological damage was observed in all the samples after g-
irradiation, except in the pure ZnFe2O4 sample. Although, SEM
images conﬁrm the change in morphology of the pure ZnFe2O4
sample after g-irradiation, the XRD and M€ossbauer spectroscopy
conﬁrm the retention of the crystal structure. This demonstrates
that the ZnFe2O4 phase is structurally quite stable and it does not
transform to any other phase even at the radiation dose of 50 kGy
(at a rate of 9.5 kGy/h). According to our results, the Mn-ferrite and
Mn-Zn ferrites are not only magnetically soft, but also the Mn
atoms are metastable (compared to Zn atoms) in their sites. With
high energy gamma irradiation, Mn atoms separate out of the
spinel unit cell to form manganese oxides (Mn2O3 or MnO) leaving
behind the a-Fe2O3 phase. The observed morphological and
structural phase transitions are detrimental for the sustenance of
the structure and properties of these materials. Hence, our results
are important for the understanding of the stability and durability
in performance of the Mn-Zn ferrite based devices used at the
intense radiation laboratories such as synchrotron radiation sour-
ces, free electron laser sources and in spacecrafts.
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